Certain specialized plant species growing on naturally enriched metalliferous soils often accumulate metals in their aboveground parts up to several orders of magnitude higher than other plants growing on the same soil ( Baker and Brooks, 1989 ) . These so-called hyperaccumulators can accumulate various elements, including arsenic (As), cadmium (Cd), cobalt (Co), copper (Cu), manganese (Mn), nickel (Ni), lead (Pb), selenium (Se) and zinc (Zn), and are indicators of naturally enriched metalliferous soils ( Brooks, 1987 ; Reeves and Baker, 2000 ; Guerinot and Salt, 2001 ) . The functional signifi cance of metal hyperaccumulation in plants is still obscure, but the current hypotheses are that hyperaccumulation confers drought tolerance, competitive advantages over other plant species through allelopathy or prevents herbivore or pathogen attacks, also called the elemental defense hypothesis ( Boyd and Martens, 1992 ) . There is mixed evidence for metal hyperaccumulation providing drought resistance and allelopathy ( Whiting et al., 2003 ; Bhatia et al., 2005 ; Zhang et al., 2007 ) . The elemental defense hypothesis, however, has received signifi cant support. Cadmium, Ni, Se, and Zn can all effectively protect plants from various invertebrate herbivores and fungal pathogens ( Pollard and Baker, 1997 ; Jhee et al., 1999 ; Vickerman and Trumble, 1999 ; Ba ñ uelos et al., 2002 ; Boyd et al., 2002 ; Martens and Boyd, 2002 ; Hanson et al., 2003 Hanson et al., , 2004 Freeman et al., 2006b ).
Thus, herbivory may have been an evolutionary driver of metal hyperaccumulation. Studies so far have mainly been conducted in the laboratory and with invertebrate herbivores. There is a need to investigate the ecological role that hyperaccumulation plays in natural ecosystems and also to study the elemental defense hypothesis in relation to mammalian herbivores ( Boyd, 2007 ) . The results from such studies may shed light on the evolution of hyperaccumulation, its ecological signifi cance, and its impacts on the local ecosystem.
In the western United States, the genera Astragalus and Stanleya are known to hyperaccumulate Se in their shoot tissues, up to 1% for Astragalus bisulcatus and 0.35% for Stanleya pinnata ( Beath et al., 1934 ; Byers, 1936 ; Galeas et al., 2007 ) . Elevated Se in leaves can protect plants from herbivory by lepidopteran larvae, green peach aphids ( Myzus persicae ), and grasshoppers, as well as from fungal attacks by Alternaria brassicicola and species of the genus Fusarium ( Hurd-Karrer and Poos, 1936 ; Hanson et al., 2003 Hanson et al., , 2004 Freeman et al., 2006a Freeman et al., , 2007 . Further suggesting a role in defense, Se was found localized in hyperaccumulator plant organs, tissues, and cells that are associated with plant defenses and are crucial for reproduction ( Freeman et al., 2006b ; Galeas et al., 2007 ) .
While Se is an essential trace element for many organisms ( Combs and Gray, 1998 ; Ellis and Salt, 2003 ; Goldhaber, 2003 ) , it is toxic at elevated levels because of its chemical similarity to sulfur (S) and the associated nonspecifi c replacement of S by Se in proteins ( Stadtman, 1990 ; Birringer et al., 2002 ; Ellis and Salt, 2003 ) . Ingestion of Se hyperaccumulator plants by animals can cause chronic or acute Se poisoning (commonly called alkali disease), selenosis, and blind staggers ( Draize and Beath, 1935 ; Cosgrove, 2001 ) . While consumption of Se-enriched forage clearly results in toxicity in animals, one aspect of the elemental defense hypothesis that has received relatively little attention is whether plant Se accumulation actually deters mammalian herbivory in the wild. The long-term manipulative fi eld study presented here investigates the role Se plays in protecting the hyperaccumulator Stanleya pinnata (prince ' s plume, Brassicaceae) from black-tailed prairie dog ( Cynomys ludovicianus ) herbivory.
It is possible that prairie dogs infl uenced the evolution of plant Se hyperaccumulation. Prairie dogs are considered ecosystem engineers that have historically had large impacts on surrounding plant communities ( Whicker and Detling, 1988 ; Weltzin et al., 1997 ) . Prairie dogs have affected vast areas for at least 2 million years in the western plains, including Se hyperaccumulator habitats, where S. pinnata and C. ludovicianus are found to often naturally coexist ( Quinn, 2006 ) . The 2-year study described here was aimed to provide insight into the role hyperaccumulation plays in native Se hyperaccumulator habitat and into the role of prairie dog herbivory as an environmental pressure that may have infl uenced the evolution of Se hyperaccumulation.
MATERIALS AND METHODS
Field sites -To test whether elevated Se concentrations in hyperaccumulator plants protect them from prairie dog herbivory, two fi eld sites were selected in harvested from all plants present in each experimental group at the beginning and end of each growing season to determine plant tissue Se concentrations. The fi nal 2-year leaf number, plant size, survival percentage, and fl owering success were also recorded. In addition, the medium prairie dog herbivory site had a mammalian exclusion cage with 1.5-cm steel wire mesh covering one plot of eight plants, four with elevated and four with low leaf Se.
Leaf Se concentrations -Leaf tissue samples were rinsed with distilled water and dried at 50 ° C for 48 h. One hundred milligrams of each sample was digested with 1 mL of concentrated nitric acid according to Zarcinas et al. (1987) . The samples were then diluted with distilled water and analyzed for Se by inductively coupled plasma atomic emission spectrometry (ICP-AES) as described by Fassel (1978) .
Data analyses -Statistical analyses were performed using the software package JMP-IN version 3.2.6 from SAS Institute (Cary, North Carolina, USA) and SigmaPlot for Windows version 10.0 from Systat Software (San Jose, California, USA). A Tukey -Kramer test was used when more than two means were compared, and the statistical differences were denoted by letters. A χ 2 test was used to compare the survival percentage of plants after 1 and 2 years. Student ' s t test was used when only two means were compared, and the statistical differences were denoted by asterisks. Statistical results are presented in Appendix 1.
RESULTS
Season 1 -At the beginning and end of the fi rst growing season, Se leaf concentrations were higher for plants treated with 40 μ M Se than in plants of the same accession treated with 2 μ M Se ( Fig. 2A -D ) . In the course of this fi rst growing season, leaf Se concentrations increased, especially in plants pretreated with high levels of Se ( Fig. 2A -D ) , perhaps because of the high Se concentration in the soil that was transplanted with these plants. The high prairie dog herbivory site, at Prairie Dog Meadows, clearly differed between the S. pinnata groups with respect to the percentage of plants clipped during the fi rst 7 weeks ( Fig. 3A ) . The S. pinnata groups with the highest (WNS 40 μ M ) and intermediate (POSW 40 μ M) leaf Se concentrations were clipped less compared to the corresponding genotypes containing low Se levels (WNS 2 μ M and POSW 2 μ M). After 10 weeks, this site had undergone extreme prairie dog herbivory, and most low Se plants had been clipped at least once. This high clipping frequency subsided after week 10.
The medium prairie dog herbivory site, at North College Lake, showed a similar Se-related difference in clipping frequency during weeks 0 -10 ( Fig. 3B ) . Here, the S. pinnata plants with the highest levels of Se (WNS 40 μ M ) were clipped less when compared to those with intermediate Se concentrations (POSW 40 μ M) and plants with low Se concentrations (WNS 2 μ M and POSW 2 μ M).
The percentage of leaves eaten on the high prairie dog herbivory site was lower for the S. pinnata groups with high Se ( < 20%, WNS 40 μ M ) and intermediate Se ( < 30%, POSW 40 μ M), compared to the corresponding low-Se groups (~50%, WNS 2 μ M & ~ 80%, POSW 2 μ M), indicative of Se deterrence ( Fig.  3C ) . The clipping and consumption patterns were different in weeks 8 and 10 because plants were clipped but not eaten ( Fig.  3A, C ) . This difference was most pronounced for the high-Se treatments, which were clipped but not eaten as often as the low-Se experimental groups.
On the medium prairie dog herbivory site, the fi ndings were similar, indicating Se deterrence and avoidance. The percentage of leaves eaten was lower for the experimental treatment with the highest Se concentration (WNS 40 μ M ) compared to the treatment with intermediate Se (POSW 40 μ M) and the two low-Se groups (WNS 2 μ M and POSW 2 μ M) ( Fig. 3D ) . As a Fort Collins, Colorado, USA. Both had similar vegetation and native species of Se hyperaccumulators, including Stanleya pinnata , but with clear differences in prairie dog herbivory pressure, based on observed prairie dog activity at the sites, as well as average number of active prairie dog burrows in a 10-m radius from each plot at each site. The site with high prairie dog herbivory pressure (11 ± 3 [SE] burrows) had fi ve test plots and was located in south Fort Collins, at Prairie Dog Meadows Natural Area (40 ° 30.37 ′ N, 105 ° 03.69 ′ W) ( Fig. 1A ) . The other site, North College Lake in northwest Fort Collins (40 ° 67.42 ′ N, 105 ° 14.86 ′ W) had medium prairie dog herbivory pressure (6 ± 2 burrows) and 10 test plots ( Fig. 1B ) . Soil was collected from the top 2 cm at 5 -8 plots at each site to analyze for Se concentration. Both sites had 4 -8 μ g Se ⋅ g − 1 dry mass in the soil, and the presence of the native hyperaccumulators Astragalus bisulcatus and S. pinnata indicated the presence of Se. The dominant vegetation at both sites consisted of native grasses and forbs. On the basis of long-term observations, droppings, and prairie dog tooth marks on the leaves of S. pinnata, prairie dogs were the primary, if not only, mammalian herbivore foraging on S. pinnata on both sites.
Plant material -Stanleya pinnata seeds from two different accessions were obtained from Western Native Seed (WNS, Coaldale, Colorado, USA) and Plants of the Southwest (POSW, Santa Fe, New Mexico, USA). The S. pinnata WNS variety, published as the CO4 ecotype, was collected south west of Denver Colorado and has been shown to accumulate Se to a twofold greater level than the S. pinnata ecotype obtained from POSW, which was collected from San Juan County, New Mexico ( Feist and Parker, 2001 ) . This difference in Se hyperaccumulation ability makes these two accessions interesting for comparison in the fi eld. Seeds were germinated with distilled water on fi lter paper and planted in Scotts (Marysville, Ohio, USA) Metro Mix 350. Plants were grown in a growth room at 24 ° C/20 ° C, 10 h/14 h light/dark, 120 μ mol ⋅ m − 2 ⋅ s − 1 photosynthetic photon fl ux, and watered two times weekly with a 0.25 × Hoagland ' s nutrient solution ( Hoagland and Arnon, 1938 ) . After 1 month, half of the plants were treated with 40 μ M Na 2 SeO 4 in the nutrient solution, while the other half was treated with 2 μ M Na 2 SeO 4 . After 12 weeks of treatment, S. pinnata plants were sampled for leaf Se concentration, taken to the fi eld on the 13 May 2005, and transplanted along with the majority of soil that was fi rmly held by their roots. Because we carefully transplanted these plants with a large amount of previously fertilized soil and because the fi eld sites received 2 weeks of rain in the spring of 2005, no transplant shock was noticed in any plant. Initial plant sizes (height × diameter in cm 2 ), the best representation of the total plant surface area, were as follows: WNS 40 μ M Se = 386 ± 14, WNS 2 μ M Se = 372 ± 15, POSW 40 μ M Se = 496 ± 28, POSW 2 μ M Se = 475 ± 25.
Long-term manipulative fi eld studies -To determine whether elevated concentrations of Se affected prairie dog herbivory, both accessions of S. pinnata pretreated with high (40 μ M SeO 4 ) or low (2 μ M SeO 4 ) Se were planted at each of the two test sites. In total, 15 test plots were selected on the high prairie dog herbivory (Prairie Dog Meadows) and medium prairie dog herbivory sites (North College Lake). Eight S. pinnata were planted in each of the 1-m 2 plots ( Fig. 1C, D ) . Four plants with high Se (40 μ M SeO 4 , two WNS and two POSW) were grouped together on one half of the plot and four plants with low Se (2 μ M SeO 4 , two WNS and two POSW) were grouped together on the other half ( Fig.  1C, D ) . These different treatments and accessions represented four different experimental groups ( N = 50 plants for each experimental group, 200 plants in total) throughout this study. All plots were at least 15 m apart from one another and oriented so that the nearest prairie dog burrows were equal distance from the high-Se and low-Se pretreated plants. Most plots were completely surrounded on all four sides with prairie dog trails often intersecting in the center of test plots. Because in previous experiments prairie dogs sometimes clipped vegetation for consumption and sometimes just to maintain an unobstructed view ( Quinn, 2006 ) , we measured clipping and eating separately.
The same plants were left in the fi eld for two growing seasons, 2005 and 2006, and various parameters were measured to determine prairie dog herbivory and plant damage. Clipping was calculated by counting the number of leaves that were removed from each plant by prairie dogs, and herbivory was calculated by determining the percentage of the clippings that were removed from the area around each plant. Plant damage was also calculated by counting the total leaf numbers per plant and by estimating plant sizes (height × diameter in cm 2 ). For the fi rst growing season, measurements were taken every 2 weeks for the fi rst 10 weeks, then again at 20 weeks. After the fi rst year, the percentage of plant survival per experimental group was determined. For the second growing season, plant damage was measured for the experimental groups at the beginning (week 0) and after 20 weeks. In addition, during the second season, the percentage of plant survival per experimental group was determined along with fl owering success. Two of the youngest mature leaves, when available, were result of both clipping and eating, the number of leaves decreased over the growing season. On the high prairie dog herbivory site, the S. pinnata treatment with the highest Se levels (WNS 40 μ M ) maintained the highest number of leaves until week 8, when many clipping events occurred ( Fig. 3E ) . The POSW 2 μ M group showed the largest decrease in leaf number, while the other experimental groups had intermediate leaf numbers.
Leaves per plant on the medium prairie dog herbivory site were greatest in number for the experimental group with the highest Se level (WNS 40 μ M ), and lowest for POSW 2 μ M ( Fig. 3F ) . The experimental group with intermediate leaf Se levels (POSW 40 μ M) had an intermediate leaf count over weeks 8 -20. At most time points, the two high-Se groups (WNS 40 μ M and POSW 40 μ M) had signifi cantly more leaves than the corresponding low-Se groups (WNS 2 μ M and POSW 2 μ M). As a control, the medium prairie dog herbivory site had a mammalian exclusion cage covering one plot of eight plants, four with elevated and four with low leaf Se. The plants in this mammalian exclusion cage had 100% survival after growing season 1.
At the end of season 1, the plant sizes were measured at the different sites. At the high prairie dog herbivory site, the fi nal plant sizes were small and in several cases zero ( Fig. 4A ) . On the medium prairie dog herbivory site, the two high-Se treatments (WNS 40 μ M and POSW 40 μ M) gave larger fi nal plant sizes than the corresponding low-Se treatments WNS 2 μ M and PoSW2 μ M ( Fig. 4B ) .
At the end of the fi rst year under high prairie dog herbivory pressure, there were no statistically signifi cant differences in survival percentage between the four experimental treatments ( Fig. 4C ) . In contrast, on the medium prairie dog herbivory pressure site, plants with high tissue Se concentration survived better than plants of the same accessions (WNS or POSW) with low Se levels ( Fig. 4D ) . On the medium prairie dog herbivory site, both high-Se treatments (WNS 40 μ M and POSW 40 μ M) had a 45% survival rate after year one, a nine-and threefold higher survival rate than the corresponding low-Se treatments, which had 5% and 15% survival, respectively ( Fig. 4D ) .
Season 2 -The long-term protective effect of plant Se against herbivory was again measured during the second growing season. Incidentally, the data from the plot with the mammalian exclusion cage could not be used during growing season 2 because the cage was destroyed.
At the beginning of the second season, on the high prairie dog herbivory site, the only experimental group that had more than one plant with enough material to sample for leaf Se concentration was S. pinnata WNS pretreated with 40 μ M Se ( Fig. 5A ) . At the end of the second growing season, this was the only experimental group with enough material to measure Se leaf concentration at all ( Fig. 5C ). On the medium prairie dog herbivory site, the low-Se groups. The high-Se plants increased their leaf number and biomass, while the low Se plants were eaten ( Fig.  6G -J ) . By the end of season 2, the low-Se plants had significantly (sixfold) fewer leaves than their high-Se counterparts ( Fig. 6H ) .
On the medium prairie dog herbivory site, both high-Se treatments (WNS 40 μ M and POSW 40 μ M) survived ~3 times better when compared with their respective low-Se treatment ( Fig.  6K, L ) . After the second growing season, less than 10% of the original plants from the low-Se groups were alive ( Fig. 6L ) .
Two years after planting -Herbivory was again analyzed at the beginning of season 3, which was at the end of this 2-year study. On the high prairie dog herbivory pressure site, the WNS 40 μ M Se plants had more than 60 leaves per plant, and plants were bigger than 350 cm 2 ( Fig. 7A, C ) . This group was the only one that survived on the high prairie dog herbivory site after both at the beginning and end of season two, plants pretreated with high Se had a higher leaf Se concentration than plants of the same accession pretreated with low Se ( Fig. 5B, D ) .
The leaf number, plant size, and survival percentage of all four S. pinnata treatments were recorded at the beginning and end of the second growing season. On the high prairie dog herbivory site, there were no differences between the experimental groups with respect to leaf number, plant size, and survival percentage at the beginning or end of the second growing season ( Fig. 6A -F ) . This lack of signifi cance is in part caused by the fact that many plants from each treatment did not survive to the second growing season on the high prairie dog herbivory pressure site. At the end of the second growing season, the high-Se WNS group was the only one that survived, showing a 30% survival rate ( Fig. 6F ) .
On the medium prairie dog herbivory site, the high-Se groups of both accessions were again protected when compared with [Vol. 96 in their natural habitat. Over a 2-year manipulative fi eld study on two sites with different black-tailed prairie dog ( C. ludovicianus ) herbivory pressure, two Stanleya pinnata (prince ' s plume) experimental groups with elevated (50 -750 μ g ⋅ g − 1 ⋅ dry mass) shoot Se levels suffered less herbivory than experimental groups with low ( < 10 μ g ⋅ g − 1 ⋅ dry mass) leaf Se concentration. Both plant groups containing elevated Se levels were clipped and eaten less and had more biomass than low-Se groups. Experimental groups with elevated Se also had higher survival rates than plants with low Se. This study shows that elevated Se in plants deters prairie dog herbivory. The animals may be deterred by volatile Se emitted by the plants; in addition, any ingested Se-rich plants may have caused toxicity, leading to subsequent avoidance. The Se in S. pinnata was found previously to occur in the organic forms methylselenocysteine (MeSeCys) and selenocystathionine (SeCysth) ( Shrift and Virupaksha, 1965 ) , which were toxic to insects when present in S. pinnata leaves at elevated levels ( Freeman et al., 2006a ; . Furthermore, S. pinnata volatilizes dimethyldiselenide (DMDSe), which is hypothesized to be a chemical deterrent due to its pungent repellent odor (Terry et al., 2000; Birringer et al., 2002 ; Ellis and Salt, 2003 ; Sors et al., 2005) .
The fi ndings of this study are of signifi cance for several reasons. Although previous experiments have explored plant metal 2 years, and their survival percentage was 30% ( Fig. 7E ) , the same as at the beginning of season 2.
At the medium prairie dog herbivory pressure site, the POSW 40 μ M Se plants fared better than the others after 2 years. The POSW 40 μ M Se plants had more than 40 leaves per plant and were bigger than 300 cm 2 ( Fig. 7B, D ) . The difference in leaf Se concentration between the high-and low-Se-pretreated plants remained and may have contributed to survival ( Fig. 7F ) . The difference in Se concentration between the low-Se and high-Se treatments did not decrease over the course of this 2-year experiment; this was probably due to the different Se levels in the transplanted soil.
After 2 years, the fl owering rate on the high prairie dog herbivory site was 30% for WNS 40 μ M, meaning that all the remaining high-Se plants were fl owering. On the medium prairie dog herbivory site, the high-Se treatment of S. pinnata (POSW 40 μ M Se) also had a fl owering rate of 30%, while none of the low-Se S. pinnata plants were fl owering.
DISCUSSION
This study is the fi rst to demonstrate that elevated Se levels protect hyperaccumulator plants against mammalian herbivory hyperaccumulation as an elemental defense, this study is the fi rst to test the ecological signifi cance of Se hyperaccumulation over a long period in a hyperaccumulator ' s natural habitat. While laboratory studies and short-term fi eld studies help identify possible ecological advantages of Se hyperaccumulators, only long-term fi eld studies provide suffi cient evidence that Se plays a signifi cant role in protecting hyperaccumulating plants from herbivory in their natural environment. Moreover, no earlier manipulative fi eld studies have tested the protective effect of hyperaccumulation against mammalian herbivory. Field studies by Martens and Boyd (2002) did suggest a protective effect for Ni in the hyperaccumulator Streptanthus polygaloides against a variety of insect herbivores, but in a fi eld study, these plants were unfortunately eaten entirely by larger unknown mammalian herbivores, and the end results were diffi cult to interpret. Another recent fi eld study was also inconclusive and suggested that Zn accumulation was not correlated with protecting the Zn hyperaccumulator Thlaspi caerulescens in the wild from native gastropods (slugs and snails) ( Noret et al., 2007 ) .
The plant -herbivore interactions observed in this study have ecological relevance because prairie dogs are native to Se hyperaccumulator habitat and are known plant ecosystem engineers that have historically had a large impact on plant communities ( Whicker and Detling, 1988 ; Weltzin et al., 1997 ) . Thus, Se hyperaccumulators may enjoy reduced competition and survive better on prairie dog colonies, as a result of the intense prairie dog grazing on other plant species. The results presented here may suggest that that herbivory by mammals such as prairie dogs and their ancestors could have been one of the contributing selection pressures for the evolution of hyperaccumulation. In this context, it is interesting to note that the plant Se levels in this fi eld study were an order of magnitude lower than those that have been found in hyperaccumulators in the fi eld . If such low tissue Se levels are already protective (the Se levels right after planting were only ~50 μ g ⋅ g − 1 ⋅ dry mass), hyperaccumulation could have gradually evolved, driven by herbivore protection (the defensive enhancement hypothesis; Boyd, 2007 ) . Moreover, the protective effect of Se may be even more pronounced in well-established hyperaccumulator populations that contain 10-fold higher levels than those observed in this study.
The fi ndings from this study do not only provide insight into the ecological signifi cance of hyperaccumulation, but are also of interest to rangeland managers and ranchers, and for the cultivation of plants with elevated Se. The aversion to Se-containing plant material displayed by this native mammalian species, the black-tailed prairie dog, contrasts with the feeding preference of several nonnative livestock species that are known to often suffer selenosis from ingestion of Se-rich plants ( Magg and Glen, 1967 ) , even if there is other vegetation to eat. It would be interesting to investigate whether other native mammals from seleniferous areas (e.g., bison) have an aversion to seleniferous vegetation, similar to the prairie dog. If so, selection of suitable grazers may be a strategy to avoid Se poisoning. Seaccumulating plants may be cultivated to clean up Se-contaminated areas (phytoremediation). Another reason to cultivate Se-accumulating plants is that Se-enriched plant material has added nutritional value because Se is an essential nutrient for mammals. A concern related to the cultivation of Se-accumulating plants is that the plant Se may enter the food chain and cause toxicity. Our fi nding that Se levels as low as 50 μ g ⋅ g − 1 dry Notes: An asterisk (*) indicates a χ 2 test value comparing survival % between the two Se treatments of the same accession.
